Abstract In this paper, a feasible scheme is reported for the detection and identification of trace alcohol congeners that have identical elemental composition using laser-induced breakdown spectroscopy (LIBS). In the scheme, an intensive pulsed laser is used to break down trace alcohol samples and the optical emission spectra of the induced plasma are collected for the detection and identification of alcohol molecules. In order to prepare trace alcohol samples, pure ethanol or methanol is bubbled by argon carrier gas and then mixed into matrix gases. The key issue for the scheme is to constitute indices from the LIBS data of the alcohol samples. Two indices are found to be suitable for alcohol detection and identification. One is the emission intensity ratio (denoted as H/C) of the hydrogen line (653.3 nm) to the carbon line (247.9 nm) for identification and the other is the ratio of the carbon line (as C/Ar) or the hydrogen line (as H/Ar) to the argon lines (866.7 nm) for quantitative detection. The calibration experiment result shows that the index H/C is specific for alcohol congeners while almost being independent of alcohol concentration. In detail, the H/C keeps a specific constant of 34 and 23 respectively for ethanol and methanol. In the meanwhile, the C/Ar and H/Ar indices respond almost linearly to the alcohol concentration below 1300 ppm, and are therefore competent for concentration measurement. With the indices, trace alcohol concentration measurement achieves a limit of 140 ppm using a laser pulse energy of 300 mJ.
Introduction
Methanol and ethanol are common chemicals that are accessible in daily life. They have similar bonding structures, but different properties and applications. Ethanol is widely used in many important aspects, but methanol is normally used as an organic solvent or fuel and sometimes used as the main component of adulterated wines, which have killed many people. Their similar chemical structures can only be separated from each other through some advanced techniques, such as mass spectroscopy or chromatography. Unfortunately, these techniques are relatively complex and expensive for real-time identification, and are therefore not suitable for non-professional operation. Thus a simple technique is still crucial for quick and accurate detection of methanol and ethanol.
Laser-induced breakdown spectroscopy (LIBS) is a widely used spectroscopic technique for identifying the elemental composition of liquid, solid, and gas [1−4] . So far, the technique is known as the only spectroscopic method capable of detecting most of the chemical elements in almost any environment. Its merits as a chemical analysis technique include high efficiency, specificity, simplicity and remote sensing. Generally, LIBS employs a pulsed laser that is focused onto a solid sample or within a gas or liquid sample to heat the vicinity of the focus and ionize or dissociate the samples into plasma. Radiation from the plasma is then collected and spectrally resolved by a spectrometer to yield information on chemical compositions [5] . Except for chemical analysis, LIBS has also been applied in many fields ranging from industrial through environmental to biomedical fields [6−9] .
Laser-induced breakdown spectroscopy (LIBS) is
powerful for chemical element analysis especially of inorganics. However, it is less useful for organic molecules because the bonding structure instead of the chemical elements is the key for organic molecules and the laser induced breakdown can easily destroy the bonds. In fact, due to the high temperature (10000-20000 K) of laser induced breakdown plasma (LIBP), organic molecules involved in the plasma are mostly fragmented and even decomposed into atoms. However, some researchers have still tried organic molecules using LIBS because of its appeal of simple operation and sample preparation, if compared with mass spectroscopy and chromatography. N. Melikechi and H. Ding [10] have shown that LIBS could be used to classify alcohols qualitatively with a cooling system. Michael Tram and Qing Sun [11] used LIBS to determine the major elemental ratios in solid organic compounds. Therefore, LIBS has the potential of being a useful tool for complex organic chemical analysis. However, the quantitative accuracy of the technique both for in-organic and organic chemical analysis is one of the most important research focuses because it depends on the complexity of the laser induced plasma formation, atomization, ionization and excitation processes. The most common approach to LIBS quantitative analysis uses calibration curves generated with standard samples with certified composition. Nevertheless, problems arising from laser fluctuation, fractionation in atomization and local thermodynamic equilibrium assumption should be properly addressed in order to obtain reliable calibration curves in laboratories. The commonly used spectrum intensity normalization method relies on the correlation between the spectrum intensity fluctuations of some major elements and the plasma parameter fluctuation, especially the plasma electron density fluctuation [12, 13] . In the gas LIBS system, the matrix gas, as a major element used as a normalization reference, is competent for reducing fluctuation, since its concentration is stable. L. Li and Z. Wang proposed a simplified spectrum standardization method to improve the quantitative accuracy of the LIBS technique [14, 15] . They achieved a great improvement in measuring the Cu concentration for 29 brass alloy samples.
Generally speaking, LIBP is commonly regarded as the local thermal equilibrium (LTE) [16, 17] , which ensures that the Boltzmann-Maxwell and Saha equations are true. Therefore, the atomic production ratio from the organic molecules evolved in LIBP depends mainly on the plasma temperature. Considering that the dissociation threshold for different products is varied, the LTE plasma at a certain temperature will result in different atomic products for different organic molecules. Therefore, the atomic product ratios are possibly capable of recovering the organic molecules. In this paper, a feasible LIBS scheme for alcohol congener detection and identification is presented and validated using methanol and ethanol as calibration samples, because the two alcohol congeners are good representatives of popular organics without a hetero-atom.
Experimental details
The LIBS setup used here has a configuration similar to that published in Ref. [10] except for the closed sample chamber, as is shown schematically in Fig. 1 .
As normal, the system consists of three parts: excitation laser, closed sample chamber and spectrometer. A Q-switched Nd:YAG laser (Brilliant Eazy, Quantel) operating with a repetition of 10 Hz is used as the excitation source. The laser outputs pulses of 5 ns at its fundamental wavelength (1064 nm). A quartz lens focuses the laser into the sample chamber to break down the contained working gas. In order to isolate the working gas from air, the chamber is a closed room, which consists of a quartz drum and two end flanges. The quartz window on the top end provides a channel for the laser coming into the working gas and an access for the plasma emission recording. Two gauges are employed respectively for the base vacuum below 1 Pa and working gas pressure up to 10 5 Pa. The gas filling is controlled with two mass flow controllers respectively for the matrix gas and alcohol analyte with the expected mixing ratio.
An integrated spectrometer is necessary for broadband spectrum concurrent recording. To collect the optical emission of LIBPs, a lens with a focus length of 100 mm and an aperture of 50 mm is used to focus onto the optic fiber inlet of the used spectrometer (LIBS2500+Ocean Optics Inc., USA, in our case). The spectrometer is provided with seven linear silicon CCD array detectors for the broadband spectrum from 200 nm to 980 nm, and can achieve a spectral resolution of 0.1 nm. Because of the tiny volume of the LIBP, the lens ensures the plasma image illuminating the fiber inlet end smoothly.
The excitation laser ignition and the exposure of the spectrometer are needed to synchronize with each other. In our case, a flash lamp out of the source laser is used to trigger the shutter of the spectrometer and the spectrometer then gives off a simultaneous TTL level to trigger the Q-switch of the laser. By setting an optimized delay for the shutter trigger referring to the flash lamp out, the shutter is opened at a about 0.5 µs lag behind the laser pulse, so as to prevent the spectrometer being exposed to the intensive Bremsstrahlung emission of the initial breakdown. Based on trigger timing, the laser energy can be varied and monitored by the trigger delay between the Q-switch and the flash lamp, which is adjusted through the Ocean Optics laserinduced breakdown spectroscopy software (OOILIBS), while data acquisition and analysis are also covered by the software. In order to integrate the emission over the duration of the induced plasma, the gate width of the spectrometer shutter is always set at 1 ms.
For the purpose of quantitative analysis using LIBS, the spectral intensity of the measured LIBS should be calibrated with standard prepared samples. To prepare samples with trace alcohols exactly, the chamber is filled according to the following steps for each measurement: firstly filling pure argon to about P 0 =95000 Pa (950 mbar) as the matrix gas after evacuation, and then elevated to expected experimental pressure P (=P 0 + ∆P ) through bubbling alcohol liquid with carrier gas. If the carrier flow rate is F Ar and the bubbling mixture gas flow rate is F , the alcohol flow rate should be F al (=F − F Ar ), and therefore the flow ratio η = F al /F Ar can be defined to figure out the alcohol concentration (α) in the chamber as α = ∆P η/P . By adjusting pressure increment ∆P , the alcohol concentration of the working gas can be calibrated.
Results and discussion

LIBS indices for alcohol detection
LIBS is capable of simultaneous multi-element analysis [18] . The three specific chemical elements (C, H and O) included in alcohol are inevitably chosen for alcohol identification.
A typical spectrum of an ethanol sample in the ultraviolet and red to infrared regions is shown in Fig. 2 . The dominant atomic spectral peaks are mostly assigned to carbon, hydrogen, oxygen and argon by the OOILIBS software according to the NIST (National Institute of Standards and Technology) atomic spectra database. Some peaks for the C, H, O and Ar have been labeled with their wavelength in the figure. To construct LIBS indices for alcohol detection and identification, and for comparison, the spectrum of a methanol sample in an argon matrix is also measured and shown in Fig. 2 . For a clearer illustration, the methanol spectrum (red) in Fig. 2 has been offset by 2 nm rightward in wavelength and 50 counts upward in intensity.
The LIBS of the methanol sample consists of similar spectral peaks but different intensities for carbon and hydrogen under similar breakdown conditions (as shown in Fig. 3 ). Within the peaks of carbon, hydrogen and oxygen, the carbon peak of 247.9 nm, the oxygen peak of 777.2 nm and the hydrogen peak of 656.3 nm have better signal-to-noise ratios (SNR) than the others. Nevertheless, since the argon matrix dominates the working gas, it emits the strongest peaks and has the best SNR of the spectra. On the other hand, since the argon percentage in the discharge gases is hardly varied by trace alcohol addition, the argon peaks stay almost the same for both kinds of alcohol samples, as shown in Fig. 2 . To relate quantitatively the intensities of C (247.9 nm) and H (656.3 nm) with the alcohol sample concentration, argon line intensity maybe a suitable internal standard to indicate the state of the art nature of the plasma. Therefore, LIBS peak intensity ratios of the C (247.9 nm) and H (656.3 nm) to any argon peak (in fact, Ar 738.4 nm and 866.7 nm can be adapted for their adequate intensities, while most other Ar peaks are not suitable because of their too strong or weak intensity) are chosen as a pair of indices for alcohol concentration detection. Validation of the index pair is carried out in the following subsection.
Calibration for alcohol concentration
The working gas with different alcohol concentrations, as a sample for calibration, is prepared in the sample chamber using argon as the matrix gas and also as the carrying gas for bubbling alcohol liquids. As mentioned in section 2, the prepared sample alcohol concentration, α, can be calculated from the pressure increment, ∆P , and the gas flow rate ratio, η, according to α = ∆P η/P . The sample concentration for calibration ranges from 100 ppm to 1300 ppm. The total gas pressure keeps at near atmosphere pressure within 95000 Pa to 98000 Pa. In this pressure range, laser induced plasmas experience similar breakdown and growth mechanisms, so the plasmas are mainly determined in density and temperature by the excitation laser energy density regardless of the slightly altered pressure of the working gas. That is why the argon peak intensities in the LIBS of a sample with trace ethanol are almost equal to those with trace methanol since the excitation laser energy stays the same, as mentioned in the caption of Fig. 2 .
The C (247.9 nm) peak is the strongest for carbon in the LIBS, and therefore its intensity is the best clue for the carbon atoms stemming from the trace alcohols of the samples instead of any air components because the chamber is pre-evacuated. For the same reason, the H (656.3 nm) intensity is the best clue for hydrogen atoms also from the alcohols. As described in the introduction, due to the local thermal equilibrium (LTE) [19] of the plasma, the yields of carbon and hydrogen atoms in the plasma of methanol are determined mostly by the following dissociation reactions [20] , in which the e* symbols energetic electrons of the plasma. 
CH + e * → C + H + e (10) These reactions are all dissociation reactions excited by the energetic electrons produced in the plasma. In fact, there also occur complex dissociation reactions by thermal collisions in the plasma due to the high temperature, but the energetic electron collisions are more efficient to dissociate the molecules or radicals than the collisions of molecules. Therefore, the electron density is one of the decisive factors to the yield of carbon and hydrogen atoms in the plasma. Different from the laser plasmas of small molecule gases, the laser ablation plasma from solids produces atomic products mostly through thermal evaporation of the high temperature surface, and therefore the plasma temperature instead of the electron density is the most decisive for atom yield. According to the reactants of the above reactions of methanol, they have been classified into three different grades and labeled by the leading numbers 1, 2 and 3 in the sorting labels. The higher grade reactions make use of the products of the lower grade reactions as their reactants.
Considering the fact that the argon emission intensities are mostly decided by the laser energy since the argon pressure is almost constant in the investigation, the intensity ratios of C (247.9 nm) or H (656.3 nm) to Ar (866.7 nm) (Abbreviation: C/Ar or H/Ar) depend strongly on the alcohol concentration and the stoichiometry of C or H in alcohol molecules and slightly on the laser energy, if it is true that the argon emission intensities are proportional to the laser energy. For any of the two alcohols, ethanol or methanol, an exact calibration procedure of the intensity ratios to its concentration would make its quantitative measurement possible.
According to Fig. 4 , the intensity ratio of Ar (738.4 nm) to Ar (866.7 nm) varies little with laser energy and sample concentration for both alcohols, which suggests the intensity of the Ar lines relates in a similar way to the laser energy and is hardly relevant to sample concentration within the experienced scopes. Due to the almost constant ratio of Ar (738.4/866.7), the intensity ratio of C (247.9 nm) or H (656.3 nm) to Ar (866.7 nm) should vary in a similar way to their ratio to Ar (738.4 nm). Thus, only the calibration characters referring to Ar (866.7nm) are shown in Fig. 5 and Fig. 6 for C (247.9 nm) and H (656.3 nm), respectively, under different laser energy, because the excitation energy (13.15 eV) of Ar (866.7 nm) is slightly closer to the excitation energy (7.69 eV) of C (247.9 nm) or that (12.09 eV) of H (656.3 nm) than that (13.30 eV) of Ar (738.4 nm).
It can be found that both intensity ratios respond almost linearly to the alcohol concentration. By fitting the intensity ratios linearly to the concentration using the least square method, the resultant R 2 values are all very close to unity. The R 2 values imply that the measured intensity ratios are not scattered in spite of the plasma fluctuation, and are therefore directly proportional to the sample concentration. By comparing Figs. 5 and 6, the characters of C/Ar deviate from each other more apparently for different laser energy as compared with the characters of H/Ar, although the deviation for different laser energy is less than 16%. In other words, the slope of the fitted lines for C/Ar increases with laser energy more apparently than that for H/Ar. As regarding the underlying mechanism behind the difference, according to reaction (10) , carbon atom production in the plasma is much more difficult than H atom production, and is therefore more dependent on the electron density. Moreover, in Fig. 5 , the fitted slopes of the C/Ar calibration lines for methanol (a) are almost the same as those for ethanol (b), which is ascribed to the same C stoichiometry of the two alcohol congeners. On the other hand, in Fig. 6 , the fitted slopes of the H/Ar calibration lines for methanol (a) are about one third smaller than those for ethanol (b), which is ascribed to the different H stoichiometry. Nevertheless, these linear calibration characters validate the fact that the intensity ratios are suitable for the quantitative measurement of trace alcohol congeners. For any samples with trace alcohol to test, their alcohol concentrations can be scaled from measured intensity ratios if the slopes and intercepts of the calibration lines are known [21] . The non-zero y-intercepts in Figs. 5 and 6 are believed to arise from the low SNR at low concentrations, which means that the calibration lines deviate from linearity at low concentrations. Because of the deviation, the limit of the detection of alcohols is figured out to be about 140 ppm from the calibration lines [22] . To obtain the calibration characters, two calibration steps are needed. The first step calibrates the intensity ratios through varying the alcohol concentration from 140 ppm to 1300 pm, while the laser energy is kept constant at 300 mJ. The second calibrates the intensity ratios by keeping the concentration constant at 830 ppm and varying the laser energy from 220 mJ to 300 mJ. The calibrations verify that both the C/Ar and H/Ar respond linearly to the alcohol concentration if the laser energy is kept constant. Nevertheless, the lines fluctuate more with a lower laser energy because of the lower SNR of the spectra. 
Identification of alcohol congeners
From section 3.2, the intensity ratios C/Ar and H/Ar for both methanol and ethanol samples respond both linearly to their concentrations. The quotient of H/Ar to C/Ar (yielding H/C) is expected to be constant respectively for methanol or ethanol samples, and is shown in Fig. 7 with sample concentration and laser energy as variables.
For a clearer illustration of the relation between H/C and laser energy, the intersections of the two surfaces in Fig. 7 at a concentration of 830 ppm are shown in Fig. 8 as a function of the laser energy. As expected, the two intersections are both almost parallel to the laser energy axis within the investigated scope. The slight fluctuation in the intersections is probably due to the probabilistic behavior of the laserinduced breakdown process and the shot-to-shot fluctuation of the laser output. To reduce the effect of laser energy on emission intensity fluctuation, each measured spectrum is averaged over 15 laser shots. Since the data fluctuation is compressed significantly, we can define another index that is the average of H/C over the investigated scopes of concentration and laser energy. The specific averages of H/C for ethanol and methanol samples can be used as identification clues for the two alcohol congeners, respectively. The lower the laser energy and concentration, the more probabilistic the laser induced breakdown process and the more fluctuant the H/C. To partially overcome the fluctuation, in practice, a high laser energy density should be used for LIBS excitation to get H/C for trace alcohol identification.
To demonstrate the applicability of the LIBS scheme for in situ identification of methanol and ethanol, now turn again to Fig. 7 , which shows a 3D map of H/C as a function of the sample concentration and laser energy. The ranges of the concentration and laser energy are from 280 ppm to 1300 ppm and from 220 mJ to 300 mJ, respectively. As shown in the figure, the two surfaces respectively for methanol and ethanol samples separate obviously from each other. The green surface for methanol has an average value of H/C around 34(±4), while the blue surface for ethanol has an average of 23(±3) . The values are related to the stoichiometric ratio of H to C in alcohol molecules, which is 4 for methanol and 3 for ethanol. According to the averaged H/C values, for any trace sample of any of the two congeners, by excitation with a laser energy within the range, the measured H/C for the sample is capable of identifying whether the sample is mixed with methanol or ethanol. In conclusion, LIBS is feasible to allow alcohol congener identification, despite the fact that the chemical composition of alcohol molecules is the same.
Discussions
According to the above subsections, two LIBS indices for detection (C/Ar or H/Ar) and identification (H/C) of alcohol congeners are founded. Quantitative calibration and validation ensure the applicability of the indices within the following ranges of laser energy and alcohol concentration: 220-300 mJ and 140-1300 ppm. According to Ref. [10] , no significant variation occurs for the C and H spectral intensity from different alcohol congeners in similar laser plasma circumstances, but the O 777.2 nm and 844.6 nm peaks exhibit different trends, which is attributed by the authors of Ref. [10] to the different molar concentration of oxygen for different alcohols. However, if the opinion for oxygen is correct, the peaks of C and H should also show different trends for different alcohol congeners because the molar concentrations of carbon and hydrogen for different alcohol congeners are different too. In fact, different from the results of Ref. [10] , in this paper, the H (656.3 nm) and C (247.9 nm) intensities vary from methanol to ethanol in a similar laser plasma circumstance, as shown in Fig. 3(a) and (b) . Thus, although the scheme validation is merely performed for ethanol and methanol, according to the results of Ref. [10] , the index H/C should be specific for different alcohol congeners.
The LTE of laser induced plasma is very important for the LIBS indices to be the clues for alcohol concentration measurement and congener identification. In order to show the LTE situation of the experimental laser plasma in this paper, the profile of H (656.3 nm) was analyzed to obtain its Stark broadening and then figure out the electron density of the plasma. As an example, Fig. 9 shows the profile of H (656.3 nm) from the LIBS at a laser energy of 220 mJ for the sample with 830 ppm of methanol and its fitting using the Voigt function. According to Griem's theory [23] , the fitting result of Lorentz width (0.299Å) can be used to figure out the plasma density is 2.9×10
16 cm −3 . According to McWhirter's criterion [24] , the experimental plasma requests a critical electron density as high as 1.3×10
15 cm −3 for LTE. Thus the experimental plasma electron density is high enough to ensure the plasma to be at LTE. Theoretically, the LTE makes it possi-ble to obtain quantitative information from the LIBS of samples without calibration samples. However, for detecting carbon and hydrogen atoms, calibration is needed for quantitative concentration measurement because these atoms are multi-step dissociation products in the plasma. 
Conclusions
In this study, we propose a feasible scheme for alcohol detection and identification based on LIBS. Using methanol and ethanol as calibration samples, the intensity ratios of C (247.9 nm) and H (656.3 nm) to Ar (866.7 nm) are validated as the indices for detecting alcohol congeners. The calibration results show that the ratios are in good linearity with alcohol concentration below 1300 ppm, and are therefore capable of detecting alcohol concentration quantitatively. Due to the spectral SNR, a limit of detection (LOD) as low as 140 ppm has been determined for alcohol in argon near atmospheric pressure with the laser energy of 300 mJ. Using the intensity ratio of the H (656.3 nm) to C (247.9 nm), the LIBS scheme allows identification of methanol and ethanol with trace concentration. In conclusion, using the two sets of indices, the LIBS scheme is feasible for trace alcohol congener detection and identification because of the LTE of the laser plasma.
